Six amino acid substitutions in the shared N-terminal region of the P subunit of the viral polymerase and the accessory V protein convert the noncytopathic paramyxovirus simian virus 5 (SV5), which is a poor inducer of host cell responses, into a P/V mutant (P/V-CPI-) that induces high levels of apoptosis, interferon-beta (IFN-beta), and proinflammatory cytokines. In this study, we addressed the question of whether these new mutant phenotypes are due to the presence of an altered P protein or of an altered V protein or of both proteins. By the use of the P/V-CPI-mutant as a backbone, new mutant viruses were engineered to express the wild-type (WT) V protein (؉V-wt) or WT P protein (؉P-wt) from an additional gene inserted between the HN and L genes. In human epithelial cell lines, the ؉V-wt virus showed reduced activation of apoptosis and lower secretion of IFN-beta and proinflammatory cytokines compared to the parental P/V-CPI-virus. The presence of a V protein lacking the C-terminal cysteine-rich domain (corresponding to the SV5 I protein) did not reduce these host cell responses to P/V-CPI-infection. Unexpectedly, the ؉P-wt virus, which expressed a WT P subunit of the viral polymerase, also induced much lower levels of host cell responses than the parental P/V-CPImutant. For both ؉V-wt and ؉P-wt viruses, reduced levels of IFN-beta synthesis correlated with reduced IRF-3 dimerization and nuclear localization of IRF-3 and NF-B, suggesting that the WT P and V proteins acted at an early stage in antiviral pathways. Host cell responses induced by the various P/V mutants directly correlated with levels of viral mRNA accumulation but not with steady-state levels of genomic RNA. Our results support the hypothesis that WT P and V proteins limit induction of antiviral responses by controlling the production of key viral inducers. A model is presented for the mechanism by which both the P subunit of the viral polymerase and the V accessory protein contribute to the ability of a paramyxovirus to limit activation of antiviral responses.
Host cell responses to viral infection are important factors that can contribute to viral pathogenesis and to tropism for specific tissues or cells (4) . These antiviral responses can include the secretion of proinflammatory cytokines such as interleukin-6 (IL-6) and IL-8, stimulation of type I interferon (IFN) pathways (26, 46) , and induction of apoptosis (45) . The overall goal of the work described here was to determine the individual contributions of the paramyxovirus phosphoprotein P and the V protein to limiting these host cell antiviral responses.
Members of the paramyxovirus family of negative-strand RNA viruses employ a diverse range of mechanisms to circumvent host cell antiviral responses, including limiting cytokine induction and blocking IFN signaling pathways or both of these processes (reviewed in reference 9; 15, 18, 27) . Many of these mechanisms for counteracting IFN have been attributed to products of the P/V (or sometimes P/V/C) gene which encodes both the phosphoprotein P subunit of the RNA-dependent RNA polymerase and the accessory V protein (13, 17, 35, 38) . For simian virus 5 (SV5), accurate transcription of the P/V gene results in an mRNA that codes for the V protein. The P mRNA is identical to the V mRNA except for the addition of two nontemplated G residues that are inserted by the viral polymerase at a precise location in the P/V transcript (51) . Thus, the SV5 P and V proteins are identical for the 164 amino-terminal residues (the shared P/V region) but differ in their C-terminal sequences. The P and V proteins have unique C-terminal domains, with the V protein encoding a highly conserved cysteine-rich (cys-rich) zinc-binding domain that is required for many V-associated functions (21, 41) .
The paramyxovirus phosphoprotein P is an essential subunit of the viral RNA-dependent RNA polymerase (36) . In a complex with the L catalytic subunit, the P protein plays multiple roles during mRNA transcription and during replication of genomic and antigenomic RNAs. The paramyxovirus V protein is also thought to function in the regulation of viral RNA synthesis (11, 24, 37, 39) but has additional roles in counteracting host cell antiviral responses (reviewed in reference 9; 15, 18).
A major function of the SV5 V protein is the inhibition of IFN signaling (13) . In infected cells or cells transfected with V-expressing plasmids, V protein forms a cytoplasmic complex that directs the ubiquitylation and targeting of STAT1 (signal transducer and activator of transcription 1) for degradation (1, 52) . Recently, the SV5 V protein was also shown to block activation of the IFN-beta promoter by transfected doublestranded RNA (dsRNA) (43) or following infection with a recombinant SV5 (rSV5) encoding a mutant V protein that lacked the cys-rich region (V⌬C virus; 21) . The inhibition of IFN-beta induction is thought to be due to V protein targeting the IFN-inducible RNA helicase mda-5 (7) by binding through the cys-rich region (2) . Thus, the multifunctional V protein counteracts IFN responses at two steps, resulting in both limited induction of IFN synthesis and a block in IFN signaling.
In addition to IFN pathways, apoptosis of virus-infected cells can be a major antiviral response that limits virus growth (45) . The factors that contribute to whether a particular paramyxovirus induces or limits apoptosis are not completely understood. Wild-type (WT) SV5 has the unusual property among paramyxoviruses of being largely noncytopathic in most epithelial and fibroblast cell types (8, 20, 40) . The V protein has been implicated in limiting cell death in SV5-infected cells, since apoptosis is induced following infection with the V⌬C rSV5 (21, 48) .
In addition to the cys-rich C-terminal domain, the N-terminal P/V region of V protein contributes to counteracting the activity of host cell antiviral pathways (6, 54, 55) . This is evident from the results seen with the naturally occurring CPIstrain of SV5, which is defective in inducing STAT1 degradation and blocking type I IFN signaling (6) . Mutational analyses have identified amino acid differences in the P/V region between WT rSV5 and CPI-that are responsible for this loss of function in targeting STAT1 for degradation (6, 47) . We have previously engineered an rSV5 mutant (rSV5-P/V-CPI-) to encode these same six CPI-P/V substitutions in the background of the WT rSV5 genome (54) . These P/V gene substitutions converted WT rSV5 into a mutant that failed to target STAT1 for degradation as expected, but the chimeric virus was also found to be a potent inducer of IFN and proinflammatory cytokines (54, 59) . The most striking contrast between rSV5-P/V-CPI-and WT SV5 was seen in their activation of a cytopathic effect (CPE), since the rSV5-P/V-CPI-mutant induced extensive cell death by apoptosis that is not seen with WT SV5 (54, 56) .
Since the rSV5-P/V-CPI-mutant contained substitutions in the N-terminal domains of both P and V, the contribution of an altered P or altered V to these new phenotypes of the P/V-CPI-mutant was not known. Given the roles of V protein in counteracting host antiviral responses and the P protein in RNA synthesis, we hypothesized that alterations to the V protein were responsible for the striking differences between the host antiviral responses to infection with WT rSV5 and the P/V-CPI-mutant. In the present study, we tested this hypothesis by generating novel rSV5 viruses that expressed either WT V or WT P protein as a result of the presence of an additional gene within the rSV5-P/V-CPIvirus. Consistent with our hypothesis, expression of the WT V protein limited activation of IFN, proinflammatory cytokines, and apoptosis by the P/V-CPI-mutant. Unexpectedly, however, expression of the WT P subunit of the viral polymerase also limited the induction of these same host cell responses. Decreased host cell responses induced by the novel V-or P-expressing viruses correlated with reduced activation of IRF-3 and NF-B and with reduced levels of viral mRNA, suggesting that WT V and WT P proteins acted at an early stage in activation of antiviral pathways. We propose a model to explain the effect of the N-terminal P/V mutations on SV5 gene expression and the roles of both the accessory protein V and the P subunit of the viral polymerase in limiting host cell responses.
MATERIALS AND METHODS
Cells, viruses, and growth analysis. Monolayer cultures of cells were grown in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). An rSV5 expressing green fluorescent protein (GFP) (19) was recovered as described previously (40) from cDNA plasmid kindly provided by Robert Lamb (Northwestern University) and Biao He (Pennsylvania State University). This virus has growth properties indistinguishable from those of WT rSV5 lacking the GFP-encoding gene (19) . rSV5-P/V-CPI-was recovered from cDNA and grown in Vero cells as described previously (54) . The rSV5-P/V-CPIviruses with the extra WT V (ϩV-wt), truncated WT V (ϩV-⌬cys), or WT P (ϩP-wt) gene inserted between the HN and L genes were constructed using standard molecular biology techniques (40; details available upon request) by insertion of an HpaI-SalI fragment containing the HN-L gene end-gene start sequence into the pBH311 plasmid (19) followed by insertion of an open reading frame encoding V only or P only. Editing of the V and P genes was disrupted through changes in the nucleotide sequence upstream of and including the editing site of the P/V gene (see Fig. 1 ) such that lysine 162 was converted to an arginine (51) . The gene encoding the extra WT V protein was truncated so that the mRNA could be distinguished from the mRNA encoding the CPI-V protein expressed from the authentic P/V gene. The truncated WT V protein in the ϩV-⌬cys virus was created by insertion of two translational stop codons in place Genome structures are shown schematically as negative-sense RNA, with an additional gene (encoding GFP, WT V protein, V-⌬cys, or WT P protein) inserted between HN and L. Extra 5Ј-end P or V genes have an altered editing site, as described in Materials and Methods, such that only the P or V protein is expressed. The black box denotes the cys-rich C-terminal region of V protein which is missing in the case of the V-⌬cys open reading frame. With the exception of rSV5-GFP, which has a WT P/V gene, all viruses encoded a P/V gene with a substitution of the CPI-shared P/V N-terminal region as described previously (54) . le, leader; tr, trailer. (B) Sequence at the SV5 editing site. The nucleotide and amino acid sequence at the SV5 P/V geneediting site (51) is shown, with underlined nucleotides denoting the sites of four (V mRNA) or six (P mRNA) G residues. Asterisks denote the locations of substitutions used to disrupt RNA editing.
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PARAMYXOVIRUS POLYMERASE PHOSPHOPROTEIN P SUBUNIT 11117 of amino acids 169 and 170 in the ϩV-wt open reading frame. The ϩV-wt, ϩV-⌬cys, and ϩP-wt viruses were recovered as described previously (54) and were grown in Vero cells. The presence of the inserted V and P genes was confirmed by sequencing reverse transcription-PCR products derived from infected-cell RNA. Virus infections and plaque assays for infectivity were performed as described previously (40, 54) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis Western blotting. For Western blotting, six-well dishes of cells were infected with viruses as described in each figure legend. The cells were washed with phosphate-buffered saline (PBS) and incubated in DMEM containing 2% FBS. At each time point, cells were washed with PBS and lysed in 1% sodium dodecyl sulfate. The protein concentrations of cell lysates were determined by bicinchoninic acid assay (Pierce Chemicals), and equivalent amounts of protein were analyzed with rabbit antisera against cellular STAT-1 (Santa Cruz Biotechnology) or the individual SV5 NP, P, and V proteins (40, 41) . Alternatively, lysates were analyzed using a mouse monoclonal antibody against cellular actin or the common region of the P and V proteins (V5 antibody; Invitrogen). Samples were analyzed using horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (Pierce Chemicals).
IRF-3 dimerization assay. The assay for dimerization of cellular IRF-3 was carried out as described previously (29) . Briefly, cells were washed two times with cold PBS and then lysed in buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5 g/ml aprotinin and leupeptin, 1 mM phenylmethylsulfonyl fluoride, 100 nM okadaic acid, 0.1 mM NaF, 1 mM sodium orthovanadate, and 100 nM microcystin. After incubation on ice for 10 min, samples were centrifuged at 4°C for 15 min at 13,000 ϫ g. Protein (50 g) was analyzed by electrophoresis on 7.5% nondenaturing acrylamide gels (Ready Gels; Bio-Rad), with 1% deoxycholate in the cathode buffer. IRF-3 monomers and dimers were detected by Western blot analysis with monoclonal anti-IRF-3 SL-12.1 antibody (BD PharMingen) diluted 1:500.
Analysis of viral RNA. To measure viral replication products, six-well dishes of Vero cells were either mock infected or virus infected at a multiplicity of infection (MOI) of 10. At various times postinfection (p.i.), cell lysates were treated with micrococcal nuclease to digest unencapsidated viral RNA as described previously (31, 42) , and RNA was purified by TRIzol extraction. To measure the accumulation of positive-sense viral mRNA, total RNA was isolated from mockinfected or virus-infected cells at the indicated times p.i. by use of TRIzol (Invitrogen).
RNase protection assays (RPA) were performed using an Ambion RPAIII kit according to the manufacturer's instructions and an RNase A-RNase T1 digestion step followed by analysis on 6% polyacrylamide gels containing 9 M urea and autoradiography. Riboprobes were generated using in vitro transcription of linearized pGem plasmids encoding SV5-specific sequences in the presence of [ 32 P]CTP as described previously (44) . To detect viral genomic RNA, a positivesense riboprobe was used that corresponded to SV5 genomic RNA bases 1 to 171 spanning the le-NP junction. Negative-sense riboprobes that would detect positive-sense viral RNAs specific for NP (genomic RNA bases 1454 to 1680) and M (bases 4320 to 4488) have been described previously (44) .
Cell viability, microscopy, and apoptosis assays. Cell viability was measured by using a One Solution cell proliferation assay (Promega) according to the manufacturer's instructions. Briefly, cells in 96-well dishes were mock infected or virus infected at an MOI of 10, washed with PBS, and replaced with DMEM containing 2% FBS. At the indicated times p.i., 20 l of CellTiter 96 AQueous One Solution reagent was added to each sample well. Absorbance at 450 nm was recorded and normalized to wells containing only media (no cells) to compensate for background reading.
Microscopy was carried out as described previously (3) using a Nikon Eclipse fluorescence microscope and a ϫ20 lens. Images were captured using a QImaging digital camera and processed using QCapture software. Exposure times were manually set to be constant between samples.
For annexin V staining, 6-cm dishes of cells were mock infected or virus infected at an MOI of 5 and replaced in DMEM containing 2% FBS. Infections were staggered such that the annexin V staining at the indicated times p.i. occurred at one time. At the indicated times p.i., cells were trypsinized, pelleted, and resuspended in binding buffer at an approximate concentration of 1 ϫ 10 6 cells/ml. Samples were mixed with annexin V-PE (BD Biosciences) according to the manufacturer's instructions and analyzed using a FACSCalibur flow cytometer (BD Biosciences). Terminal deoxynucleotidyltransferase-mediated dUTPbiotin nick end labeling (TUNEL) staining was performed as described previously (54) using an in situ death detection kit (Roche Molecular Biochemicals).
Nuclear localization assays. Cells were infected with the indicated viruses and stained for IRF-3 or the NF-B p65 subunit at 20 h p.i. Cells were fixed in 4% paraformaldehyde for 6 min at room temperature and then permeabilized with 0.1% Triton X-100-PBS for 10 min at room temperature. After 35 min of blocking with 10% bovine serum albumin at room temperature, cells were washed once with PBS and incubated with primary antibody against IRF-3 at 1:400 (BD PharMingen clone SL-12.1) or NF-B p65 at 1:100 (Santa Cruz Biotechnology clone C20) for 1 h at 4°C. Then, cells were washed four times with PBS for 5 min each time, incubated with secondary antibody (IRF-3, 1:1,000; NF-B, 1:2,000) for 40 min at room temperature in the dark, and analyzed by microscopy.
ELISA. Enzyme-linked immunosorbent assays (ELISA) were performed by using OptEIA human interleukin-6 (IL-6) and IL-8 sets (BD PharMingen) and Human IFN-beta kits (PBL) following the instructions of the manufacturers. A parallel sample of uninfected cells was counted at 24 h p.i. for use in normalizing the secretion of cytokines to 10 6 cells.
RESULTS
Expression of the WT V protein from the genome of rSV5-P/V-CPI-. In our initial approach to address the role of the P/V-CPI-V and P proteins in activation of host cell responses, we engineered genomic cDNA clones such that the P and V proteins were encoded as two separate nonedited genes. Infectious virus was never recovered from these cDNA clones, suggesting that RNA editing of the P/V gene is an important aspect of SV5 replication. The alternative approach described below was based on our previous studies showing that cells coinfected with WT rSV5 and the P/V-CPI-mutant displayed much lower activation of IFN pathways, CPE, and apoptosis (55) . This result suggested that the WT gene products were dominant over those of P/V-CPI-. Based on the known functions of V, we hypothesized that expression of the WT V protein as an additional gene in the P/V-CPI-genome would complement defects from the original P/V-CPI-mutant.
To test this hypothesis, we utilized a variation on the approach previously described by Brzózka et al. (5) in which the ϩV-wt virus was generated by inserting a copy of the WT V gene in place of the GFP gene in the P/V-CPI-genome as shown in Fig. 1 . Within the V coding region, the editing site was disrupted (Fig. 1B) as described in Materials and Methods such that RNA editing could not occur and only the V mRNA was transcribed from this gene. For these studies, WT rSV5-GFP (19) was used as the proper control for the P/V-CPImutant and variants such that all viruses in this study carried an additional gene inserted between HN and L ( Fig. 1) .
To confirm expression of the WT V protein by the ϩV-wt virus, A549 cells were mock infected or infected at an MOI of 10 with WT rSV5-GFP, P/V-CPI-, or ϩV-wt and cell lysates were harvested at 24 h p.i. for analysis by Western blotting (Fig. 2A) . All viruses expressed a V protein ( Fig. 2A, bottom  panel) , as shown by reactivity with a monoclonal anti-V antibody that is specific for the cys-rich C-terminal domain found in both WT and CPI-V proteins (41) . By contrast, the V5 antibody, which is specific for only the WT P and V proteins (47), recognized both P and V proteins in the WT rSV5-GFP sample but not in the case of the P/V-CPI-sample ( Fig. 2A, top panel, S and C lanes). As expected, the V5 antibody recognized V protein but not P protein in lysates from cells infected with the ϩV-wt virus. As shown in Fig. 2B , the kinetics of accumulation of WT V protein in cells infected with the ϩV-wt virus were slightly delayed in comparison to WT rSV5-GFP results (Fig. 2B) , which is consistent with the presence of a viral gene encoded in a more 3Ј promoter-distal position. Total WT V protein levels produced by rSV5-GFP and ϩV-wt were com-parable at late times p.i. The P/V-CPI-virus grows to ϳ10-fold-higher titer than WT rSV5-GFP in single-step assays (54) . By contrast, the ϩV-wt virus had high MOI growth kinetics that were very similar to those of WT rSV5-GFP (data not shown).
The ؉V-wt virus induces lower levels of apoptosis compared to P/V-CPI-. To test the hypothesis that the V protein can limit apoptosis induced by P/V-CPI-, A549 cells were mock infected or infected at an MOI of 10 with rSV5-GFP, P/V-CPI-, or ϩV-wt virus and cells were examined by microscopy at 72 h p.i. As shown in Fig. 3A , cells infected with the P/V-CPI-mutant showed high levels of CPE not evident in WT rSV5-GFPinfected cells. In the case of the ϩV-wt virus, some infected cells had rounded up by 72 h p.i., but the overall level of CPE closely matched that seen with the WT rSV5-GFP. Using a cell proliferation assay (Fig. 3B) , high MOI infection with the P/V-CPI-virus resulted in a time-dependent loss of cell viability that was not seen with rSV5-GFP infection. Consistent with the microscopy pictures in panel A, the ϩV-wt virus-infected samples showed a loss in viability of only ϳ20% and retained ϳ80% viability even out to 72 h p.i. (Fig. 3B) .
To determine the level of apoptosis induced by the ϩV-wt virus, A549 cells were mock infected or infected at an MOI of 5 with rSV5-GFP, P/V-CPI-, or ϩV-wt virus, and cells were analyzed for annexin V staining at 24, 48, and 72 h p.i. As Similarly, mock-and WT rSV5-GFP-infected cells were largely negative with respect to TUNEL staining, which measures late apoptotic stages, while P/V-CPI-virus induced high levels of TUNEL-positive cells (Fig. 3D) . Infection with the ϩV-wt virus resulted in a small fraction of the cell population showing TUNEL-positive results. Taken together, these data indicate that expression of the WT V protein from the P/V-CPI-genome leads to increased cell viability and decreased apoptotic markers relative to the parental P/V-CPI-virus results. The C-terminal cys-rich domain is required for V protein to limit apoptosis induced by the P/V-CPI mutant. Most functions of the V protein are dependent on the presence of the cys-rich C-terminal domain (36) . To determine whether a V protein lacking the cys-rich C-terminal domain could limit P/V-CPI-induced apoptosis, an rSV5 virus was constructed that expressed a truncated V protein from the genome of P/V-CPI-(ϩV-⌬cys; see Fig. 1 ). The additional gene encoding the truncated V protein was engineered to be identical to that encoded by the ϩV-wt virus but contained two translational stop codons immediately following the RNA editing site. The resulting ϩV-⌬cys virus directed the synthesis of a truncated V protein that reacted with the V5 antibody specific for the WT N-terminal domain (Fig. 4A) .
Cells infected with the ϩV-⌬cys virus showed CPE that was very similar to that seen with the parental P/V-CPI-virus. This is evident in the time course of CPE for infected cells shown in Fig. 4B , where the kinetics and level of cell rounding and appearance of cell debris were very similar between ϩV-⌬cys and P/V-CPI-samples. Similarly, time courses of MTS-based cell viability (Fig. 4C ) and the percentage of annexin V-positive cells (Fig. 4D) showed only slight differences in kinetics and extent of cell killing and apoptosis between ϩV-⌬cys and the parental P/V-CPI-virus. These data indicate that the cys-rich C-terminal domain of V protein is required in order to limit CPE and apoptosis induced by the P/V-CPI-virus.
Expression of wild-type P protein limits P/V-CPI-induction of CPE and apoptosis. The induction of host cell responses by the P/V-CPI-virus could also be the result of an altered P protein. To test this hypothesis, we engineered an rSV5 that was analogous to the ϩV-wt virus except that the WT P protein was expressed from an additional nonedited gene in the genome of P/V-CPI-virus (ϩP-wt; see Fig. 1 ). To confirm WT P expression from this virus, A549 cells were mock infected or infected at an MOI of 10 with rSV5-GFP, P/V-CPI-, or ϩP-wt virus. At 24 h p.i., cell lysates were analyzed by Western blotting using the V5 antibody that recognizes only WT P and V proteins (anti-PϩV WT) or with a polyclonal antibody that recognizes both WT and CPI-P proteins (anti-P). As shown in the top panel of Fig. 5A , WT P protein was detected in lysates from cells infected with rSV5-GFP and the ϩP-wt viruses (lanes S and ϩP) but not in those from cells infected with the P/V-CPI-virus (lane C). The WT V protein was detected only in the case of the WT rSV5-GFP samples. In time course experiments, Western blotting with the V5 antibody specific for WT P and V showed that the kinetics of WT P protein expression were similar between rSV5-GFP and the ϩP-wt virus (Fig. 5B) . In single-step growth assays, the P/V-CPI-virus grows to ϳ10-fold-higher titers than WT rSV5-GFP (54). By To determine whether the WT P protein could limit CPE induced by P/V-CPI-, A549 cells were infected at an MOI of 10 with rSV5-GFP, P/V-CPI-, ϩV-wt, or ϩP-wt virus. At 24, 48, and 72 h p.i., levels of CPE were analyzed by microscopy (Fig.  5C) . As shown previously, P/V-CPI-caused extensive CPE that was not evident in cells infected with either WT rSV5-GFP or the ϩV-wt virus. Unexpectedly, the level of CPE induced by the ϩP-wt virus was significantly lower than that seen with P/V-CPI-parental virus. This is most evident at the 48 and 72 h time points shown in Fig. 5C , where some rounded cells and some cellular debris were evident in ϩP-wt-infected cultures, but the majority of cells did not show the massive CPE seen following infection with the parental P/V-CPI-virus.
Cell viability and annexin staining were analyzed to confirm the reduced CPE in cells infected with the ϩP-wt virus. As shown in the time course of cell viability in Fig. 5D , infection with P/V-CPI-resulted in a dramatic loss in cell viability down to approximately 20% of that of mock-infected samples by 72 h p.i., while ϩV-wt-infected cells had a viability that was ϳ80% of that of mock-infected cells. For the ϩP-wt virus, there was a small time-dependent decrease in cell viability, but levels were still at ϳ60% of mock-infected cell results at 72 h p.i. Similarly, cells infected with the ϩP-wt virus showed a slow time-dependent increase in annexin-positive cells that was higher than the level seen with control cells infected with WT rSV5-GFP (Fig. 5E) . Importantly, however, the percentage of annexin V-positive cells was much lower than that induced by the parental P/V-CPI-virus. Taken together, these data indicate that expression of either the WT P protein or WT V protein can limit CPE and apoptosis induced by the P/V-CPIvirus, with the ϩP-wt virus activating slightly higher levels of apoptosis than those seen with the ϩV-wt virus.
The ؉V-wt and ؉P-wt viruses induce lower IFN-beta synthesis and IRF-3 activation compared to the parental P/V-CPIvirus. The parental P/V-CPI-virus is defective in targeting STAT1 for degradation and in blocking IFN signaling (54) . To determine whether STAT1 levels were altered by infection with the ϩV-wt or ϩP-wt viruses, A549 cells were infected at an MOI of 10 with the viruses indicated in Fig. 6A , and levels of STAT1 were analyzed by Western blotting at 8 h p.i. This time point was chosen in order to detect any small differences in the STAT1 levels that may not be evident at later times p.i. Cells infected with WT rSV5-GFP showed a loss of STAT1 which was not seen in cells infected with P/V-CPI- (6, 12, 54) . The ϩV-wt virus induced STAT1 degradation to levels that were similar to those seen with WT rSV5-GFP, while infection with ϩP-wt did not induce loss of STAT1. These results are consistent with previous data showing that the V protein is sufficient to target STAT1 degradation even in the context of a virus that is defective in this function (55) .
To determine whether expression of the WT V or P proteins could limit IFN induction by P/V-CPI-, A549 cells were infected at an MOI of 10 with rSV5-GFP, P/V-CPI-, ϩP-wt, or ϩV-wt virus and media collected at 24 h p.i. were analyzed by ELISA for secreted IFN-beta. As shown in Fig. 6B , WT rSV5-GFP was a poor inducer of IFN-beta whereas cells infected with the P/V-CPI-virus secreted ϳ4,500 pg/ml of IFN-beta.
Cells infected with the ϩV-wt virus showed markedly (eightfold) decreased IFN-beta production compared to those infected with P/V-CPI-, which is consistent with our previous results from coinfection studies (55) . Unexpectedly, infection with the ϩP-wt virus also reproducibly induced less IFN-beta secretion than that seen with the parental P/V-CPI-parental virus, and levels of secreted IFN-beta were intermediate between those seen with WT rSV5-GFP and the parental P/V-CPI-virus.
Synthesis of IFN-beta requires the phosphorylation and homodimerization of IRF-3, which then translocates to the nucleus to initiate transcription of the IFN-beta gene (22, 49, 58) . To determine the mechanism by which WT V and WT P proteins limit IFN-beta production, infected A549 cells were examined by immunofluorescence for changes in translocation of IRF-3 to the nucleus. As shown in Fig. 6C , the diffuse cytoplasmic IRF-3 location in WT SV5-GFP-infected cells was indistinguishable from mock-infected cell results. By contrast, nearly all cells in cultures infected with the P/V-CPI-virus showed intense staining for IRF-3 in the nucleus, which is consistent with this virus inducing high levels of IFN-beta. As seen with the mock-infected cells, the majority of cells infected with ϩV-wt or with ϩP-wt viruses showed IRF-3 staining largely confined to the cytoplasm, with a few cells showing bright nuclear staining. Quantitation from multiple microscopic fields showed that the percentage of cells with intense IRF-3 nuclear staining was reduced from Ͼ80% for cultures infected with the parental P/V-CPI-virus to ϳ10% and ϳ25% for cultures infected with the ϩV-wt and ϩP-wt viruses, respectively (Fig. 6D) .
To further test the hypothesis that the ϩV-wt and ϩP-wt viruses limit IFN-beta synthesis at an early step in the induction pathway, virus-infected cells were assayed for activation of IRF-3 dimerization. A549 cells were infected with rSV5-GFP, P/V-CPI-, ϩP-wt, or ϩV-wt viruses at an MOI of 10, and cell lysates were harvested at 8 and 24 h p.i. IRF-3 homodimerization was examined through use of nondenaturing polyacrylamide gel electrophoresis coupled to Western blot analysis (29) . At 8 h p.i. there were no detectable IRF-3 dimers for any samples (Fig. 6E) . However, by 24 h p.i. the majority of IRF-3 was found as a dimer in lysates from cells infected with P/V-CPI-but not in those from the WT rSV5-GFP sample. Reduced levels of dimeric IRF-3 were seen for both ϩV-wt and ϩP-wt samples, which is consistent with the above data with respect to IRF-3 nuclear localization. Taken together, these data indicate that expression of either the WT V or WT P protein can limit IFN-beta induction by the parental P/V-CPImutant by acting at a step prior to IRF-3 dimerization and nuclear translocation.
The ؉V-wt and ؉P-wt viruses induce lower proinflammatory cytokine synthesis and NF-B activation compared to the parental P/V-CPI-virus. To determine whether expression of the WT V protein or WT P protein could limit proinflammatory cytokine synthesis, A549 cells were infected at an MOI of 10 with the viruses indicated in Fig. 7A , and media collected at 24 h p.i. were analyzed by ELISA for levels of secreted IL-6 (Fig. 7A) or IL-8 (Fig. 7B) . WT rSV5-GFP induced IL-6 and IL-8 to levels similar to those seen with mock-infected control samples, while the P/V-CPI-mutant induced high levels of both cytokines as described previously (59) . In the case of both ϩV-wt and ϩP-wt viruses, infected cells showed reduced levels of IL-6 and IL-8 secretion relative to the parental P/V-CPIvirus.
IL-6 and IL-8 synthesis is dependent on activation of NF-B (30). To determine whether WT V or WT P protein affected P/V-CPI-induction of NF-B, infected A549 cells were examined by immunofluorescence for nuclear translocation of NF-B p65. As shown in Fig. 7C , the percentage of cells with intense NF-B p65 nuclear staining at 24 h p.i. was reduced from the ϳ80% seen with cultures infected with the parental P/V-CPI-to ϳ10% and ϳ20% for cultures infected with the ϩV-wt and ϩP-wt viruses, respectively. These data indicate that expression of either the WT V or WT P protein can also limit activation of proinflammatory cytokines and nuclear translocation of NF-B compared to parental P/V-CPI-mutant results.
Replication and transcription levels for ؉V-wt and ؉P-wt viruses. Induction of IFN-beta and apoptosis by the P/V-CPIvirus is sensitive to UV treatment (55) , suggesting that activation of these host cell responses is dependent on viral gene expression. RPA were carried out to determine whether changes in viral RNA synthesis correlated with the limited host responses seen with ϩV-wt and ϩP-wt viruses. Vero cells were infected at an MOI of 10 with WT rSV5-GFP, P/V-CPI-, ϩV-wt, or ϩP-wt virus, and nucleocapsid-associated RNA that was harvested at 14 h p.i. was analyzed using a riboprobe specific for the leader-NP junction as described in Materials and Methods. As shown in Fig. 8A , accumulation of genomic RNA for FIG. 6 . The ϩV-wt and ϩP-wt viruses induce lower IFN-beta synthesis and IRF-3 activation compared to the parental P/V-CPI-virus. (A) STAT1 levels. A549 cells were infected at an MOI of 10 with the indicated viruses. Cell lysates were prepared at 8 h p.i., and levels of STAT1 and actin were determined by Western blotting. (B) IFN-beta synthesis. A549 cells were mock infected or infected at an MOI of 10 with rSV5-GFP, P/V-CPI-, ϩV-wt, or ϩP-wt. At 24 h p.i., media were analyzed by ELISA for levels of IFN-beta. Error bars denote standard deviations from the mean. (C) IRF-3 nuclear translocation. A549 cells were infected at an MOI of 10 with the indicated viruses. At 24 h p.i., cells were permeabilized and stained for IRF-3 by use of a monoclonal antibody and for the nucleus by use of DAPI (4Ј,6Ј-diamidino-2-phenylindole) as described in Materials and Methods. (D) Quantitation of nuclear IRF-3. Samples from the experiment displayed in panel C were used to determine the number cells displaying intense nuclear staining as a percentage of the population. For each sample, four random fields were counted and averaged, with error bars denoting standard deviations. (E) Dimerization of IRF-3. A549 cells were infected at an MOI of 10 with the indicated viruses, and cell lysates prepared at either 8 or 24 h p.i. were analyzed on nondenaturing gels followed by Western blotting with an IRF-3-specific antibody.
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PARAMYXOVIRUS POLYMERASE PHOSPHOPROTEIN P SUBUNIT 11123 the P/V-CPI-mutant was much higher than that seen with WT rSV5-GFP. Levels of genomic RNA for the ϩV-wt virus were very similar to those seen with the P/V-CPI-mutant, while the ϩP-wt virus reproducibly showed slightly reduced levels compared to P/V-CPI-. Similar results were seen with RNA harvested at 24 h p.i. (data not shown). These results indicate that the differential induction of host cell responses by P/V-CPIversus ϩV-wt and ϩP-wt viruses does not directly correlate with levels of genomic RNA synthesis for these viruses.
To measure accumulation of mRNA transcripts, total RNA was harvested at 14 h p.i. from infected cells and analyzed by RPA using radiolabeled probes specific for viral NP or M mRNAs. As seen in Fig. 8B , levels of NP and M mRNA were much higher for the P/V-CPI-mutant than for WT rSV5-GFP, as shown previously (54) . Importantly, however, both ϩP-wt and ϩV-wt samples showed a decrease in the accumulation of viral mRNA compared to the parental P/V-CPI-virus samples. Similar results were seen with HN mRNA (not shown), but the differences between samples were not as dramatic as those seen for NP and M. Cells infected with the ϩV-wt showed slightly lower levels of mRNAs than those infected with the ϩP-wt virus, and this correlated with ϩV-wt inducing host responses at a lower level than ϩP-wt virus. These data demonstrate a correlation between reduced viral mRNA accumulation for both the ϩV-wt and ϩP-wt viruses and the reduced host cell responses compared to the parental P/V-CPI-mutant responses.
DISCUSSION
Six naturally occurring P/V gene substitutions convert the noncytopathic WT rSV5, which is a poor inducer of host cell responses, into the highly cytopathic P/V-CPI-mutant, which is a potent inducer of IFN-beta, proinflammatory cytokine synthesis, and apoptosis (54, 59) . The goal of the work described here was to determine the individual contributions of altered P and altered V proteins to these new phenotypes of the P/V-CPI-mutant virus. As is consistent with our original hypothesis, expression of the WT V protein in the context of the P/V-CPI-virus resulted in dramatic decreases in the secretion of IFN-beta and proinflammatory cytokines and in apoptotic cell death. The most striking result of our work, however, was our finding that expression of the WT P subunit of the viral polymerase also resulted in a clear reduction in apoptosis and in the secretion of proinflammatory cytokines and IFN-beta. Together, our results support the conclusion that the CPIsubstitutions in both P and in V contribute to differences in activation of these host cell responses by WT rSV5 and the P/V-CPI-mutant. Transcription of the SV5 P/V gene produces mRNAs encoding three proteins that share an N-terminal domain but differ in their C-terminal regions: the V protein, which contains the cys-rich domain, the P protein, which contains a longer and distinct C-terminal domain, and the I or W protein, which contains only a few unique C-terminal residues (36, 51) . In the case of Sendai virus (SeV), the W protein is abundantly expressed in infected cells and is thought to play a role in controlling viral RNA synthesis (11, 24) . In SV5-infected cells, the I protein is very difficult to detect, and the functions of I protein during a virus infection are not known. Our engineered V-⌬cys protein is essentially the same as the I protein. Our results obtained with the ϩV-⌬cys virus suggest that I protein, at least in the context of the P/V-CPI-mutant infection, cannot limit apoptosis induction or activation of host cell cytokine responses.
Our results with the ϩV-wt virus are consistent with the known roles of the paramyxovirus V protein in limiting IFNbeta induction (43) but raise the question of why the CPI-V protein cannot serve a similar function during P/V-CPI-infection. The paramyxovirus V protein has been shown to inhibit activation of IFN-beta synthesis in response to dsRNA through binding of the RNA helicase mda-5 (2, 7, 43) , and this inhibition occurs when the V protein C-terminal cys-rich domain is expressed without the N-terminal domain. Consistent with this, the CPI-V protein has an intact cys-rich domain (6) and has been shown to block dsRNA-induced IFN-beta synthesis when expressed from a transfected plasmid (43) . Importantly, however, the CPI-V protein cannot block IFN-beta induction in the context of the P/V-CPI-mutant virus, since this virus is a potent inducer of IFN-beta (55) . One possibility to explain this discrepancy is that the activation of IFN-beta responses by P/V-CPI-virus is not through induction by dsRNA. This proposal would seem to be supported by recent work showing that viral components other than dsRNA can activate IFN synthesis (50) and that negative-strand RNA viruses do not generate dsRNA to levels that can be detected by use of a monoclonal antibody (57) . The P/V-CPI-virus may induce IFN-beta through the RIG-I pathway, which is activated by RNA containing an uncapped 5Ј-end triphosphate (25) . Consistent with this, it has been proposed that RIG-I is not blocked by the paramyxovirus V protein (7) .
Many paramyxoviruses cause extensive CPE and induce apoptotic cell death (14, 28, 33) . In the case of SeV, the gene products that modulate apoptosis are not completely defined, but the C proteins and trailer RNA have been identified as factors that can contribute to the efficiency of cell killing (16, 28, 34) . Here we show that expression of the WT V protein in the context of the P/V-CPI-mutant infection leads to higher cell viability and decreased apoptosis compared to the results seen with the parental P/V-CPI-virus infection. While it has been shown that the measles virus V protein is sufficient to block apoptosis induced by exogenous activators of p53-related pathways (10) , it remains to be seen whether the SV5 V protein is a general inhibitor of apoptosis or whether it is specific for virus-induced apoptosis. Since the V protein can inhibit viral RNA synthesis (23, 37) , an alternative hypothesis is that the SV5 V protein indirectly reduces cell killing by altering the apoptosis-inducing potential of the virus by altering RNA synthesis rather than by directly acting as an antagonist of cellular death pathways.
The most striking finding from our work is that expression of the WT P protein from the genome of the P/V-CPI-virus leads to lower activation of apoptosis, IFN-beta synthesis, and proinflammatory cytokine secretion. While both the ϩV-wt and the ϩP-wt infections showed greatly reduced host cell responses compared to the parental P/V-CPI-responses, they were not completely reduced to the low levels seen with WT rSV5-GFP. We interpret these data as indicating that in the original P/V-CPI-mutant, mutations in both V and P proteins contribute to the potent activation of antiviral responses and that these responses are partially reduced when one or the other of the WT proteins is expressed.
Given the known functions of the P protein in viral RNA synthesis, how does the WT P protein limit these host cell responses to P/V-CPI-infection? The response of a host cell to virus infection can be viewed as a function of (i) the presence of a viral suppressor of antiviral pathways and (ii) the level or type of viral inducing component that is produced during the infection. Thus, the level at which a virus activates host responses can be determined by changes in the effectiveness of a viral antagonist as well as in the levels or types of key activating components that are synthesized. In terms of suppressing antiviral pathways, the P protein of both rabies virus and Borna disease virus can inhibit induction of the IFN-beta promoter by dsRNA, resulting in a block in IRF-3 activation (5, 53). In general, however, the paramyxovirus P protein is thought to function primarily as a subunit for the viral RNA-dependent RNA polymerase. Consistent with this, expression of the SV5 P protein from plasmid DNA is not able to counteract the induction of IFN by dsRNA (43) .
Based on the known function of the SV5 P protein in RNA synthesis and the finding that early phases of cytokine response pathways (e.g., IRF-3 and NF-B activation) are limited, we hypothesize that the WT P protein limits host cell responses by limiting the synthesis of key viral components that trigger antiviral pathways. This is supported by our finding that host responses to P/V-CPI-are sensitive to UV treatment (55) . Thus, in this hypothesis the CPI-P mutations, in combination with the WT L protein, result in a polymerase complex which synthesizes levels or types of RNA different from those seen in the context of a WT rSV5 infection, and this results in activation of host antiviral pathways. In the case of the ϩP-wt virus, we hypothesize that polymerase complexes containing the WT P protein are dominant over those of the mutant P and that this results in lower synthesis of viral activating components.
P protein functional domains have been identified in the case of SeV by mutagenesis and structural analyses (reviewed in reference 32). The shared N-terminal P/V domain contains regions for chaperoning soluble NP o to the nascent viral RNA during the encapsidation stage of genome replication (23) as well as regions that are dispensable for RNA synthesis. By contrast, the unique C-terminal region of the SeV P protein can function by itself during transcription in vitro and is involved in P protein multimerization, binding to the polymerase catalytic subunit L, and forming stable interactions of the L-P polymerase complex with the nucleocapsid template (32) . Future work should determine whether these six CPI-mutations reside in domains that are critical for these P functions or for other functions such as binding soluble NP o . While the mechanism by which the WT P and V proteins limit host responses will require further analyses, our results with respect to the accumulation of viral RNA suggest the hypothesis that the level of viral transcription may be an important factor. The level of accumulation of viral genomes in infected cells did not correlate with activated host cell responses to infection with a particular rSV5 virus. This was made evident by our finding that cells infected with both the ϩV-wt and ϩP-wt viruses showed genomic RNA levels that were higher than that of WT rSV5-GFP and that ϩV-wt genomic RNA was detected at slightly higher levels than ϩP-wt but induced lower overall host cell responses. In the case of mRNA levels, however, both the ϩP-wt and ϩV-wt viruses directed the synthesis of NP and M mRNAs to levels that were lower than those seen with the P/V-CPI-mutant and that more closely matched that of the WT rSV5-GFP virus. Thus, one possibility is that the higher level of synthesis of viral mRNA by the P/V-CPI-mutant increases the chances of producing aberrant mRNAs that trigger antiviral responses and that expression of the WT P or V protein suppresses aberrant transcription. One such pathway that could be triggered by aberrant transcription involves RIG-I, a cellular RNA helicase that recognizes single-stranded RNA lacking a 5Ј cap structure (25) . Work is in progress to test this hypothesis and determine the mechanism by which WT P and V proteins limit the transcription activity of the viral polymerase.
